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The development of short, powerful laser pulses and of sophisticated trap-
ping techniques within the last few years has stimulated numerous theoretical
and experimental investigations on the dynamics of wave packets in elementary,
material quantum systems. These wave packets are non stationary, spatially
localized quantum states which are situated on the border between the micro-
scopic and macroscopic domain. A detailed understanding of their dynamics is
essential for our conception of quantum mechanics and of its connection with
classical mechanics. So far the interplay between classical and quantum me-
chanical aspects of their dynamics have been investigated in Rydberg systems
(Alber and Zoller 1991), in molecules (Garraway and Suominen 1995, Sepul-
veda and Grossmann 1996), in clusters (Knospe and Schmidt 1996) and in nano
structures (Koch et al. 1996). These studies have concentrated mainly on semi-
classical aspects which may be attributed to the smallness of the relevant de
Broglie wave lengths. Thereby quantum aspects still manifest themselves in
interferences between probability amplitudes which are associated with various
families of classical trajectories. However, for a comprehensive understanding of
the emergence of classical behavior also a detailed understanding of the destruc-
tion of quantum coherence is required. Typically this destruction of coherence
arises from external stochastic forces or environmental influences which cannot
be suppressed. Though by now many aspects of the coherent dynamics of these
wave packets are understood to a satisfactory degree still scarcely anything is
known about the influence of destruction of quantum coherence.
The main aim of this article is to discuss characteristic physical phenomena
which govern the destruction of quantum coherence of material wave packets.
For systematic investigations on this problem it is advantageous to deal with
physical systems in which wave packets can be prepared and detected in a con-
trolled way and in which the mechanisms causing the destruction of quantum
coherence can be influenced to a large extent. Rydberg atoms (Seaton 1983,
Fano and Rau 1986) are paradigms of elementary quantum systems which meet
these requirements. The high level density of Rydberg states close to an ion-
ization threshold is particularly convenient for the experimental preparation of
spatially localized electronic wave packets by coherent superposition of energy
eigenstates (Alber and Zoller 1991). Furthermore, the dynamics of electronic
Rydberg wave packets exhibits universal features which apply to atomic and
molecular Rydberg wave packets as well as to Rydberg wave packets in more
complex systems such as clusters. This dynamical universality might be traced
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back to the fact that almost over its whole classically accessible range the dy-
namics of a Rydberg electron is governed by the Coulomb potential of the posi-
tively charged ionic core. This universality together with the fact that Rydberg
systems are amenable to a systematic theoretical description with the help of
semiclassical methods makes them attractive for theoretical investigations. In
recent years many detailed investigations have been performed concerning var-
ious fundamental aspects of the coherent dynamics of Rydberg wave packets,
such as the influence of core scattering processes (Alber 1989, Dando et al. 1995,
Hu¨pper et al. 1995), the connection between classical bifurcation phenomena
and quantum dynamics (Beims and Alber 1993, 1996, Main et al. 1994), the in-
fluence of the stimulated light force on the atomic center of mass motion (Alber
1992, Alber and Strunz 1994) or the influence of electron correlations on wave
packet dynamics in laser-induced two-electron excitation processes (Hanson and
Lambropoulos 1995, Zobay and Alber 1995, van Druten and Muller 1995).
The dynamics of Rydberg electrons is governed by characteristic features
which greatly influence the way in which they can be affected by external
stochastic forces or environments. Most notably, Rydberg electrons can be
influenced by laser fields of moderate intensities and by their statistical proper-
ties only in a small region around the atomic nucleus (Giusti and Zoller 1987).
Furthermore, Rydberg systems are characterized by unique threshold phenom-
ena which result from the infinitely many bound states and from the continuum
states converging towards an ionization threshold. In addition, radiative decay
rates of Rydberg states are so small that in typical situations of current ex-
perimental interest the direct influence of radiative damping can be neglected.
However, the dissipative influence of radiative decay might become significant,
if Rydberg systems interact with intense laser fields. In order to demonstrate
characteristic physical phenomena governing the destruction of quantum co-
herence of electronic Rydberg wave packets in the subsequent discussion two
stochastic mechanisms will be considered in detail, namely radiative damping
which is mediated by electron correlations between a Rydberg wave packet and
a resonantly excited, tightly bound core electron and fluctuations of laser fields.
The investigation of radiative damping mediated by electron correlation ef-
fects is motivated by the recently revived interest in laser-induced two electron
excitation processes (Jones and Bucksbaum 1991, Stapelfeldt et al. 1991, Ro-
bicheaux 1993, Grobe and Eberly 1993, Hanson and Lambropoulos 1995, Zobay
and Alber 1995, van Druten and Muller 1995). Non-resonant laser-induced exci-
tation processes in which two valence electrons of an atom, e.g. an alkaline earth
atom, are excited simultaneously have already been playing an important role
in spectroscopy for a long time (Gallagher 1994). Typically thereby one of the
valence electrons is excited into a Rydberg state and the other one into a tightly
bound core state. Due to the availability of intense laser light sources recently
also cases have become accessible experimentally in which both of these elec-
trons are excited resonantly so that the influence of the laser field can no longer
be treated with the help of perturbation theory. The resulting strong modifica-
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tions of the electron-correlations may give rise to interesting novel phenomena.
If the Rydberg electron is prepared in a wave packet state these coherent laser-
modified electron correlations may even lead to an almost complete suppression
of autoionization (Hanson and Lambropoulos 1995). In the subsequent discus-
sion it will be demonstrated that these coherent effects are rather sensitive to
the destruction of coherence which is caused by radiative decay of the tightly
bound, excited core electron.
Due to the inherent stochastic nature of laser light the investigation of optical
excitations of atoms or molecules by fluctuating laser fields is one of the central
problems of laser spectroscopy. So far research on this problem has concen-
trated predominantly on laser-induced excitation of isolated energy eigenstates
(Agarwal 1976, Dixit et al 1980, Vemuri et al. 1991). By now this special class
of excitation processes is understood to a satisfactory degree. Despite these
successes so far scarcely anything is known about the effect of laser fluctuations
on optical excitation processes in which the level density of the resonantly ex-
cited states is large and in which wave packets are prepared. A paradigm in
this respect is the laser-induced excitation of Rydberg and continuum states
close to an ionization threshold which typically leads to the preparation of an
electronic Rydberg wave packet. This physical system is well suited for inves-
tigating fundamental aspects of the destruction of quantum coherence on wave
packet dynamics. In the subsequent discussion it will be demonstrated that
this fluctuation-induced destruction of quantum coherence together with the
peculiar threshold phenomena of Rydberg systems leads to a variety of novel
phenomena. One of these generic effects is stochastic ionization which manifests
itself in a characteristic scenario of non-exponential decays (Alber and Eggers
1997).
This paper is organized as follows: In section 1 basic theoretical concepts
for describing the dynamics of Rydberg electrons in laser fields are summarized.
This section focuses on coherent dynamical aspects which can be described
conveniently with the help of semiclassical methods. Within this framework
quantum aspects manifest themselves in the interference between probability
amplitudes which are associated with those classical trajectories along which
probability is transported. In section 2 recent theoretical work on the destruc-
tion of quantum coherence in wave packet dynamics is reviewed. Characteristic
phenomena are exemplified by considering two dissipative mechanisms in detail.
In section 2.1 the influence of radiative damping on laser-induced two-electron
excitation processes is investigated. Effects of laser fluctuations on the dynamics
of electronic Rydberg wave packets are discussed in Sec. 2.2.
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1 Coherent dynamics of Rydberg electrons - gen-
eral theoretical concepts
In this section a brief review of general theoretical concepts is presented which
are useful for the description of the dynamics of Rydberg electrons. These
concepts have already been used successfully to describe various aspects of the
coherent dynamics of electronic Rydberg wave packets. Thereby we shall con-
centrate mainly on cases of recent experimental and theoretical interest in which
a weakly bound Rydberg electron interacts with a laser field and additional weak
electric and/or magnetic fields (Alber 1989, Dando et al. 1995, Hu¨pper et al.
1995, Moser et al. 1997). Throughout this review Hartree atomic units will be
used for which e = h¯ = me = 1 (e and me are the electronic charge and mass,
respectively).
Rydberg electrons are atomic or molecular electrons whose dynamics is dom-
inated by highly excited energy eigenstates close to an ionization threshold. In
the simplest possible case the energies of these Rydberg states are given by the
well known relation ǫn = −1/[2(n − α)2] (Seaton 1983, Fano and Rau 1986).
Thereby the quantum defect α is approximately energy independent for energies
sufficiently close to the ionization threshold at energy ǫ = 0. In typical optical
excitation processes only Rydberg states with small values of the angular mo-
mentum l are excited, i.e. l ≪ n. These Rydberg states of low angular momenta
are essentially de-localized over the whole space which is classically accessible to
them, i.e. (l+1/2)2 < r < 1/ | ǫn |. (r denotes the radial distance of the electron
from the nucleus measured in units of the Bohr radius a0 = 5.29× 10−11m.)
If a Rydberg electron interacts with a laser field of moderate intensity and
with a weak, static electric and/or magnetic field one can distinguish three char-
acteristic spatial regimes:
(1) The core region: (0 < r < O(1))
It extends a few Bohr radii around the atomic nucleus. Inside this core re-
gion Rydberg electrons of low angular momenta which are able to penetrate this
core region interact with all other atomic core electrons. These interactions lead
to characteristic electron correlations effects such as autoionization and chan-
nel coupling. Quantitatively these effects can be described by quantum defect
parameters which are approximately energy independent close to an ionization
threshold (Seaton 1983, Fano 1986, Aymar et al. 1996).
If a Rydberg electron of low angular momentum interacts with a laser field
of moderate intensity, whose electric field strength is given by
E(t) = E0e
−iωt + c.c., (1)
two major effects take place. Firstly, the Rydberg electron experiences an inten-
sity dependent ponderomotive energy shift of magnitude δωp =| E0 |2 /ω2. This
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energy shift is independent of the energy of the Rydberg electron and may thus
be interpreted as an energy shift of the ionization threshold. Secondly, all other
dominant energy exchange processes between a Rydberg electron and the laser
field are localized within a region typically extending a few Bohr radii around
the atomic nucleus. This localization of the electron-laser coupling inside the
core region relies on two sufficient conditions, namely moderate laser intensi-
ties and sufficiently high laser frequencies preferably in the optical frequency
domain (Giusti and Zoller 1987). Thereby laser intensities are considered to
be moderate provided the stationary oscillation amplitude αosc of an electron
in the laser field (in the absence of the Coulomb potential of the ionic core) is
significantly less than the extension of the core region, i.e.
αosc =| E0 | /ω2 ≪ 1. (2)
Furthermore, in this context laser frequencies ω are considered to be high, if
they are much larger than the inverse classical Kepler period Tn of the Rydberg
electron, i.e. ωTn ≫ 1 with Tn = 2π(n−α)3. Classically speaking at these high
laser frequencies it is only in a region close to the nucleus that the acceleration
of a Rydberg electron is sufficiently large that an appreciable energy exchange of
the order of ∆ǫ ≈ ω can take place between the laser field and the Rydberg elec-
tron (compare also with Eq.(5)). As a consequence the interaction of a Rydberg
electron with a laser field of moderate intensity and sufficiently high frequency is
completely different from its interaction with a microwave field whose frequency
is comparable with its classical Kepler frequency 1/Tn. Even if the field strength
of such a microwave field is small in the sense that αosc ≪ 1, the small frequency
of the microwave field implies that energy can be exchanged with the microwave
field essentially at any distance of the Rydberg electron from the atomic nucleus.
(2)The Coulomb region:(O(1) < r < a)
Outside the core region the dynamics of a highly excited Rydberg electron is
dominated by the 1/r Coulomb potential of the positively charged ionic core. If
the Rydberg electron is influenced by a weak external electric or magnetic field
this is only valid for distances of the Rydberg electron from the nucleus which
are smaller than the critical distance a ≫ 1 at which the external potentials
are no longer negligible. If this critical distance is located inside the classically
accessible region, i.e. a < 1/ | ǫn |, these external fields influence the dynamics
of the Rydberg electron significantly.
(3)The asymptotic region: (1≪ a < r)
In the asymptotic region the influence of weak external fields is as impor-
tant as the Coulomb force originating from the positively charged ionic core. In
general, in this region the resulting dynamics of the Rydberg electron is compli-
cated by the fact that its classical dynamics is no longer integrable and exhibits
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signatures of chaos.
In each of these characteristic spatial regimes different approximations can
be applied for the dynamical description of the Rydberg electron. All photon
absorption and emission processes and all electron correlation effects which take
place inside the core region have to be described quantum mechanically. As the
Bohr radius is small in comparison with the extension of the Coulomb region
and of the asymptotic region, outside the core region the dynamics of a Rydberg
electron can be described with the help of semiclassical methods.
Starting from these elementary considerations a systematic theoretical de-
scription of Rydberg electrons can be developed which is based on a synthesis
of semiclassical methods and of concepts of quantum defect theory (Alber 1989,
Alber and Zoller 1991). Thereby solutions of the Schro¨dinger equation which
are valid inside the core region and at the boundary to the Coulomb region have
to be matched to semiclassical wave functions which are valid in the Coulomb
region and in the asymptotic region. The values of the wave function at the
border between the core region and the Coulomb region are determined by
the solution of the Schro¨dinger equation inside the core region. Within the
framework of quantum defect theory these values are determined by approxi-
mately energy independent quantum defect parameters. These quantum defect
parameters originate from two different types of interactions, namely electron
correlation effects and laser-induced photon absorption and emission processes.
For moderate laser intensities and sufficiently high frequencies these latter type
of processes give rise to intensity dependent quantum defects. Thus, in the
simplest case of a one-channel approximation, for example, these interactions
inside the core region can be characterized by a complex quantum defect of the
form (Alber and Zoller 1988)
µ = α+ iβ. (3)
The real part of this quantum defect defines the energies of the Rydberg electron
in the absence of the laser field, i.e. ǫn = −1/[2(n−α)2]. The imaginary part β
describes the influence of laser-induced transitions of the Rydberg electron into
continuum states well above threshold. In lowest order of perturbation theory
it is given by
β = π | 〈ǫ = ω | d · E0 | ǫ = 0〉 |2 (4)
with d denoting the atomic dipole operator. For hydrogen and linearly polar-
ized laser light, for example, this imaginary part of the quantum defect can be
evaluated approximately with the help of the Bohr correspondence principle.
According to this principle the dipole matrix element entering Eq.(4) is approx-
imated by a Fourier coefficient of the classical trajectory of a Rydberg electron
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of energy ǫ = 0 (Landau and Lifshitz 1975), i.e.
〈ǫ = ω | d ·E0 | ǫ = 0〉 = 1
2π
∫ ∞
−∞
dteiωtx(t) ·E0 = 6
2/3
2π
√
3
Γ(2/3)ω−5/3 | E0 | .
(5)
(Γ(x) =
∫∞
0 duu
x−1e−u denotes the Euler gamma function.) Thereby x(t)
describes the parabolic classical trajectory of an electron which moves in the
Coulomb field of the nucleus with energy ǫ = 0. Consistent with the previ-
ous qualitative discussion the ω−5/3-dependence in Eq.(5) demonstrates that
the dominant contribution to this dipole matrix element originates from a spa-
tial region around the nucleus with a size of the order of rc ≈ ω−2/3. This
characteristic size rc is the distance a classical electron of (asymptotic) energy
ǫ = 0 can depart from the nucleus during the relevant photon absorption time
tphoton ≈ 1/ω.
In the Coulomb and asymptotic region the quantum mechanical state can
be determined semi classically. In order to make these ideas more precise let us
consider the general form of the semiclassical solution of the time independent
Schro¨dinger equation which is valid in the Coulomb and asymptotic region. It
has the general form (Maslov and Fedoriuk 1981, Delos 1986)
ψ(ǫ,x) =
∑
j
ϕ(ǫ,yj)
√
J(0,yj)
| J(tj ,yj) |e
i[Sj(tj ,yj)−µj(tj)π/2]. (6)
This wave function is determined by two different types of quantities, namely
the probability amplitude ϕ(ǫ,y) of finding the electron at position y on the
boundary between the core region and the Coulomb region and by quantities
which describe the classical motion of the Rydberg electron outside the core
region (compare with Fig. 1). The probability amplitude ϕ(ǫ,y) is determined
by the quantum defect parameters which describe the electron correlations and
the electron-laser interaction inside the core region. According to Eq.(6) the
probability amplitude ψ(ǫ,x) of finding the electron at position x outside the
core region is also determined by properties of all those classical trajectories j
which start at the boundary between the core region and the Coulomb region
at position y and reach the final point x at any ‘time’ t. In this context the
variable t represents a curve parameter and not a physical time. Together with
the initial positions y the curve parameter t constitutes a global coordinate
system for the family of classical trajectories which leave the core region and
which form a Lagrangian manifold (Maslov and Fedoriuk 1981, Delos 1986).
The important classical properties of trajectory j which determine ψ(ǫ,x) are:
1. its classical action (eikonal) Sj(tj ,yj),
2. the determinant of its Jacobi field
J(tj ,yj) =
dx1 ∧ dx2 ∧ dx3
dt ∧ dy1 ∧ dy2 |j
7
which characterizes its stability properties, and
3. its Maslov index µj(tj) which characterizes the number of conjugate points
and their multiplicity.
According to this general theoretical approach it is apparent that Rydberg
systems differ from one another only as far as their dynamics inside the core
region is concerned. This part of the dynamics can be described generally by
a few quantum defect parameters. Thus Rydberg systems exhibit universal
behavior and the quantum defect parameters characterize the associated uni-
versality classes. Furthermore, the semiclassical analysis of the dynamics of the
Rydberg electron in the Coulomb region and in the asymptotic region implies
that probability amplitudes describing atomic transitions between an initial and
a final state can be represented as a sum of contributions which are associated
with all possible classical paths (including their multiple returns) which connect
the regions of support of the initial and the final state. In particular, if the dom-
inant contribution of a transition amplitude originates from the core region, for
example, it is all classical paths which start and end inside the core region which
are relevant for the theoretical description. On the basis of this combination of
methods of quantum defect theory with semiclassical path representations for
relevant quantum mechanical transition amplitudes many aspects of the coher-
ent dynamics of electronic Rydberg wave packets have already been described
successfully (Beims and Alber 1993, 1996, Alber et al. 1994, Zobay and Alber
1998).
2 Dissipative dynamics of electronic Rydberg
wave packets
So far in the context of wave packet dynamics of material particles the investiga-
tion of dissipative and stochastic influences which destroy quantum coherence
has not received much attention. Definitely, to some extent this may be at-
tributed to the complications arising from the high level densities which have
to be taken into account for a proper theoretical description of wave packet
dynamics. In general they turn the solution of master equations for the relevant
density operator into a difficult mathematical and numerical problem. Elec-
tronic wave packets in Rydberg systems are an extreme example of this kind
due to their almost macroscopic size and the infinitely high level density of Ry-
dberg states at an ionization threshold. In the subsequent discussion it will be
demonstrated that a combination of the semiclassical methods discussed in Sec.
1 together with stochastic simulation methods constitutes a powerful theoretical
approach for describing many aspects of the destruction of quantum coherence
in wave packet dynamics. In addition, this theoretical approach offers insight
into the intricate interplay between the semiclassical aspects of the dynamics of
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a Rydberg electron outside the core region and its coupling to the radiation field
inside the core region. In the subsequent sections two types of physical processes
will be discussed in detail by which this coupling to the radiation field can de-
stroy the quantum coherence of an electronic wave packet, namely spontaneous
emission of photons and the intrinsic fluctuations of a laser field. Motivated
by the recent interest in laser-induced two-electron excitation processes, in Sec.
2.1 characteristic effects of radiative damping are explored which are mediated
by the correlation between an electronic Rydberg wave packet and a resonantly
excited, tightly bound core electron. In Sec. 2.2 it is demonstrated that as a
result of the peculiar threshold properties of Rydberg systems the destruction
of quantum coherence which is brought about by a fluctuating laser field gives
rise to a variety of novel phenomena.
2.1 Radiative damping mediated by electron correlations
Due to the long radiative life times of Rydberg states (radiative life times scale
as (n−α)3 (Gallagher 1994)) the direct influence of spontaneously emitted pho-
tons is negligible under typical laboratory situations. However, destruction of
quantum coherence originating from radiative damping might become signifi-
cant in cases in which more than one atomic or molecular electron is excited
resonantly by a laser field. In such cases the influence of a photon which is
emitted spontaneously by one of these excited electrons can influence another
excited Rydberg electron via electron correlation effects. Isolated core excitation
(ICE) processes (Cooke et al. 1978) are a particular class of laser-induced two-
electron excitation processes which has received considerable attention recently.
In the following it is demonstrated that in these types of excitation processes
the dissipative influence of radiative damping mediated by electron correlations
may influence the dynamics of electronic wave packets significantly.
ICE excitation processes have been studied extensively in the alkaline earth
elements as the corresponding singly-charged ions are excited easily with laser
fields in the optical or near-uv regime. In Fig. 2 a typical laser-induced ICE
process is shown schematically for a magnesium atom. In a first step, the atom
is excited from its |3s2〉 ground state to a Rydberg state |3snd〉 by two-photon
excitation. After this excitation process the atom consists of the Mg+(3s) ionic
core and the nd-Rydberg electron which tends to be located at large distances
from the core. By applying a second laser pulse tuned to a resonance of the Mg+
ion the remaining core electron is excited, e.g. to the 3p-state of the ionic core.
The direct influence of the laser field on the highly excited Rydberg electron
is usually negligible in comparison to its interaction with the second, tightly
bound valence electron. But the laser field influences the Rydberg electron in-
directly by electron correlation effects. Immediately after the core transition
the Rydberg electron experiences a ”shakeup” by the different short-range core
potential to which it has to accommodate. A quantitative measure for the de-
gree of this shakeup is given by the difference between the quantum defects of
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the two channels associated with the 3s and the 3p-states of the ionic core. The
early work on ICE spectroscopy of alkaline earth elements has concentrated on
non-resonant core transitions which can be described in lowest order of pertur-
bation theory with respect to the laser field (Gallagher 1994). Non-perturbative
effects of laser fields have become of interest only recently in connection with
the development of powerful tunable laser sources (Jones and Bucksbaum 1991,
Stapelfeldt et al. 1991, Robicheaux 1993, Grobe and Eberly 1993). They are
particularly important in resonant core excitation processes in which one of the
laser fields induces Rabi oscillations of the ionic core. A variety of new coher-
ent effects have been predicted theoretically in this context (Robicheaux 1993,
Hanson and Lambropoulos 1995, Zobay and Alber 1995, van Druten and Muller
1995) which rely on the coherent interplay between the Rabi oscillations of the
ionic core and the dynamics of an electronic Rydberg wave packet which is influ-
enced by these Rabi oscillations through the resulting shakeup processes (For a
review on these theoretical developments see Zobay and Alber 1998). However,
due to the possibility of spontaneous emission of photons by the resonantly ex-
cited core electron all these effects are expected to be particularly sensitive to
the resulting destruction of quantum coherence.
In order to investigate these dissipative effects in detail let us consider a
typical laser-induced two-electron excitation process in an alkaline earth atom
as represented in Fig. 3. It is assumed that the atom is prepared initially in
its ground state |g〉. The atom is situated in a cw-laser field whose electric field
strength is given by E(t) = Eee−iωt + c.c. and which is tuned near resonance
with a transition of the positively charged ionic core. Typically electron corre-
lations imply that as long as the atom remains in its initial state |g〉 this laser
field is well detuned from any atomic transition. Thus the laser field has negli-
gible effect on the atomic dynamics. But as soon as an outer valence electron is
excited to Rydberg state close to an ionization threshold the cw-laser field starts
to induce transitions between the two resonantly coupled states of the ionic core
which have energies ǫ1 and ǫ2, respectively. Let us concentrate on a case in which
one of the valence electrons is excited coherently to Rydberg states by a short
and weak laser pulse with electric field strength Ea(t) = Ea(t)eae−iωat + c.c.
(Typically the pulse envelope Ea(t) will be modeled by a Gaussian shape cen-
tered around time ta with pulse duration τa). Thus a radial electronic Rydberg
wave packet is prepared by this short laser pulse (Alber and Zoller 1991). This
wave packet moves in the Coulomb field of the positively charged ionic core.
Whenever it penetrates the core region it is shaken up by the Rabi oscillations
of the resonantly driven core. Furthermore, whenever the core emits a photon
spontaneously this emission process will disrupt the relative phases of the elec-
tronic wave packet and will thus destroy quantum coherence. The dynamics of
this electronic wave packet under the influence of the Rabi oscillations of the
ionic core can be investigated by typical pump-probe experiments, for example.
For the theoretical description of the resulting destruction of quantum coher-
ence one has to solve the corresponding optical Bloch equation for the density
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operator of the two atomic valence electrons. In the case depicted in Fig. 3, for
example, the optical Bloch equation is given by (Zobay and Alber 1996)
ρ˙(t) = −i[H, ρ(t)] + 1
2
{[L, ρ(t)L†] + [Lρ(t), L†]}. (7)
Thereby the Hamiltonian
H =
∑
i,j=1,..,3
Hi,j + VICE (8)
characterizes the coherent part of the dynamics. The dynamics of the valence
electrons is described by the Hamiltonian
Hi,j = (hjjδij +Vij + ǫcjδij)|Φi〉〈Φj | (9)
with
hjj = −1
2
d2
dr2
+
lj(lj + 1)
2r2
− 1
r
. (10)
The short-range potential Vij describes electron-correlation effects originating
from the residual core electrons (Aymar et al. 1996). In ICE transitions the
angular momentum l of the excited Rydberg electron is conserved to a good
degree of approximation, i.e. l1 = l2 = l (Gallagher 1994). In the rotating wave
approximation the channel thresholds ǫcj are given by ǫc1 = ǫ1, ǫc2 = ǫ2 − ω,
ǫc3 = ǫ3 − ω. The operator
VICE = −1
2
Ω(|Φ2〉〈Φ1|+ |Φ1〉〈Φ2|)⊗ 1r (11)
describes the laser-induced core transitions between the core states | Φ1〉 and
| Φ2〉 and Ω is the Rabi frequency originating from the cw-laser field. The oper-
ator 1r denotes the identity operator for the radial coordinate of the Rydberg
electron. Thus the role of the Rydberg electron as a spectator becomes obvious
from Eq.(11).
The stochastic part of the dynamics of the density operator ρ(t) is described
by the Lindblad operator
L =
√
κ|Φ1〉〈Φ2| ⊗ 1r (12)
which characterizes the radiative decay of the ionic core from its excited state
to its ground state by spontaneous emission of photons with rate κ.
Due to the high level density of Rydberg states close to an ionization thresh-
old and due to the presence of the adjacent electron continuum usually severe
problems arise, if one tries to solve the optical Bloch equation (7) numerically by
expanding the density operator ρ(t) into a basis set of atomic energy eigenfunc-
tions. Many of these problems can be circumvented successfully by combining
the semiclassical methods as discussed in Sec. 1 with stochastic simulation
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methods (Zobay and Alber 1996). Besides numerical advantages this approach
gives also direct insight into the classical aspects of the dynamics of the Rydberg
electron and the destruction of quantum coherence caused by the radiative decay
of the core. Thereby the density operator is represented by a (fictitious) ensem-
ble of pure states which are associated with definite numbers of spontaneously
emitted photons (Mollow 1975), i.e.
ρ(t) =
∞∑
N=0
ρ(N)(t), (13)
with the N -photon contributions
ρ(N)(t) =
∫ t
0
dtN
∫ tN
0
dtN−1 · · ·
∫ t2
0
dt1|ψ(t|tN , ..., t1)〉〈ψ(t|tN , ..., t1)|.
The time evolution of the N -photon states |ψ(t|tN , ..., t1)〉 is given by
|ψ(t|tN , ..., t1)〉 = e−iHeff (t−tN )Θ(t− tN )Le−iHeff (tN−tN−1)Θ(tN − tN−1)L · · ·
Le−iHeff t1Θ(t1)|ψ(t = 0)〉 (14)
with the effective (non-Hermitian) Hamiltonian
Heff = H − i
2
L†L. (15)
(Θ(x) is the unit step function.) The physical interpretation of Eq.(14) is
straight forward. With each emission of a photon at one of the N random
emission times t1 ≤ t2 ≤ ... ≤ tN the quantum state ’jumps’ into a new state
by application of the Lindblad operator of Eq.(12). Between two successive
jumps the state evolves according to the Hamiltonian of Eq.(15). Thus the de-
composition of Eq.(13) may also be interpreted as an unraveling of the density
operator into contributions associated with all possible quantum jumps. This
decomposition of the density operator ρ(t) offers significant advantages in cases
in which the number of spontaneously emitted photons is small or in which
the evaluation of the relevant pure states can be simplified by the application of
semiclassical methods. In particular, it is possible to derive general semiclassical
path representations for the N -photon states of the optical Bloch equation (7).
Thus all physical observables of interest can be expressed as a sum of probability
amplitudes which are associated with repeated returns of a Rydberg electron to
the ionic core. During its motion under the influence of the Coulomb potential
of the ionic core photons may be emitted spontaneously by the laser-excited
core at any position of the Rydberg electron along its path. These photon emis-
sion processes disrupt the coherent quantum mechanical time evolution of the
Rydberg electron.
As an example, let us consider a coherent process which has received consid-
erable attention recently, namely laser-induced stabilization against autoioniza-
tion (Hanson and Lambropoulos 1995). This effect is based on a synchronization
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between the dynamics of the ionic core, which performs Rabi oscillations, and
the dynamics of a laser-prepared electronic wave packet. This effect may be
understood as follows: At the time of the preparation of the electronic Rydberg
wave packet by the short laser pulse the core is in its ground state. If the mean
Kepler period Torb = 2π(−2ǫ)−3/2 (ǫ is the mean excited energy of the Rydberg
electron) of this wave packet is chosen equal to a multiple of the Rabi period
TRabi = 2π/Ω of the core, the Rydberg electron will encounter the core in the
ground state at each of its subsequent returns to the nucleus. As autoionization
of a Rydberg electron can take place only inside the core region (Seaton 1983,
Fano and Rau 1986, Aymar et al 1996), this implies that the effective autoion-
ization rate of the electronic wave packet will become much smaller than the
autoionization rate of the mean excited Rydberg state Γn in the absence of the
laser field. In addition, it has been demonstrated (Hanson and Lambropoulos
1995) that this suppression of autoionization is also accompanied by a reduc-
tion of dispersion of the electronic wave packet. This suppression of dispersion is
brought about by the Rabi-oscillating core which acts like a quantum-mechanical
shutter and effectively cuts off the tails of the wave packet which arrive at the
nucleus out of phase with small probability. As this stabilization against au-
toionization is based on the coherent interplay between electron correlations and
laser-induced Rabi oscillations it is expected to be particularly sensitive against
the destruction of quantum coherence due to spontaneous emission of photons
by the ionic core.
In the presence of radiative decay of the ionic core the physical picture is
changed significantly. In the simplest case of synchronization, i.e. for Torb =
TRabi, the first photon will be emitted spontaneously by the ionic core most
probably at a time (M +1/2)TRabi (with M denoting any integer) because then
the core is in its excited state with high probability. Due to the synchronization
at these times the electronic Rydberg wave packet is close to the outer turning
point of its Kepler orbit. The spontaneous emission of a photon reduces the
excited core to its ground state. Therefore, at the subsequent return of the
electronic wave packet to the core at time (M + 1)Torb the ionic core will be
in its excited state so that the Rydberg electron will autoionize on a time scale
of the order of 1/Γn. Thus, the laser-induced stabilization against autoioniza-
tion will be destroyed. Typically, Γn ≫ κ so that the Rydberg electron will
autoionize with high probability long before the core can emit a second photon
spontaneously. Consequently, it is expected that the influence of the radiative
damping on this coherent stabilization phenomenon can be described approx-
imately by taking into account only the zero-and one-photon contributions of
the density operator ρ(t).
The influence of radiative damping described above manifests itself clearly
in the time-dependent autoionization rate γ(t) into channel three, for example,
which results from the dynamics of the electronic Rydberg wave packet. An ex-
perimental technique for measuring γ(t) has been developed recently (Lankhui-
jzen and Noordam 1996). This time-dependent ionization rate γ(t) can be
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decomposed into N -photon contributions with the help of semiclassical path
representations, i.e.
γ(t) =
∞∑
N=0
∫ t
0
dtN · · ·
∫ t2
0
dt1γ
(N)(t). (16)
It is expected that the zero- and one-photon contributions (Zobay and Alber
1996)
γ(0)(t) =
1
2π
(1− e−4πImµ2) |
∫ ∞+i0
−∞+i0
dǫ1e
−iǫ1t(0, 1, 0)O
∞∑
M1=0
(ei2πν˜1 χ˜)M1 ×
ei2πν˜1D˜(−)gea E˜a(ǫ1 − ǫ) |2,
γ(1)(t) = (
1
2π
)3(1− e−4πImµ2) |
∫ ∞+i0
−∞+i0
dǫ1dǫ2e
−iǫ2(t−t1)e−iǫ1t1(0, 1, 0)O×
∞∑
M2=0
(ei2πν˜2 χ˜)M2 S˜
(M2,M1)
2,1
∞∑
M1=0
(χ˜ei2πν˜1)M1 D˜(−)gea E˜a(ǫ1 − ǫ) |2 (17)
are dominant. In Eqs.(17) the laser-induced excitation by the short laser pulse
is characterized by the Fourier transform of the pulse envelope
E˜a(∆ǫ) =
∫ ∞
−∞
dtEa(t)ei∆ǫ(t−ta) (18)
and by the (3 × 1)-column vector D˜(−)gea whose components are the energy nor-
malized photoionization dipole matrix elements (Seaton 1983) into channels
one, two and three. The dynamics of the Rydberg electron under the influence
of the Rabi oscillations of the ionic core are described by the (3 × 3) scat-
tering matrix χ˜ and by the (3 × 3) diagonal matrix ei2πν˜ with matrix elements
(ei2πν˜)jj = e
2iπ[2(ǫ˜cj−ǫ)]
−1/2
Θ(ǫ˜cj−ǫ) (j = 1, 2, 3). All matrices and column vec-
tors with a tilde refer to the basis of photon-dressed core states |Φ˜j〉 (j = 1, 2, 3)
(Robicheaux 1993, Zobay and Alber 1995). These dressed channel states are
related to the corresponding bare states |Φj〉 by the orthogonal transformation
O which diagonalizes the laser-induced core coupling, i.e.
OT [ǫc − iκ/2|Φ2〉〈Φ2| − 1
2
Ω(|Φ2〉〈Φ1|+ |Φ1〉〈Φ2|)]O = ǫ˜c. (19)
Thereby the diagonal matrix ǫ˜c (ǫc) contains the energies of the dressed (bare)
core states. Thus the relations D˜(−)gea = OTD(−)gea and χ˜ = OTχO hold with the
bare photoionization dipole matrix elements D(−)gea and with the bare scattering
matrix
χ =

 e2πiµ1 0 00 e2πiµ2 χ23
0 χ32 χ33

 . (20)
14
The quantum defects of the bare channels one and two are denoted µj . These
channels have opposite parity and cannot be coupled by electron correlation
effects. The matrix elements χ23 and χ32 characterize the configuration inter-
action between channels 2 and 3 which results in autoionization of channel 2.
The autoionization rate of a Rydberg state of channel 2 with principal quan-
tum number n is related to the imaginary part of the quantum defect µ2 by
Γn = 2Im(µ2)/[n− Re(µ2)]3.
Eqs.(17) are examples of semiclassical path representations for the zero- and
one-photon ionization rates γ(0)(t) and γ(1)(t). Their physical interpretation
is straight forward: After the initial excitation by the short laser pulse those
fractions of the electronic Rydberg wave packet which are excited into closed
photon-dressed core channels return to the core region periodically. The integers
M1 andM2 count the numbers of these returns. Between two successive returns
the Rydberg electron acquires a phase of magnitude (2πν˜)jj while moving in
the photon-dressed core channel j. This phase equals the classical action of
motion along a purely radial Kepler orbit with zero angular momentum and
energy ǫ − ǫ˜cj < 0. Entering the core region the Rydberg electron is scattered
into other photon-dressed core channels by laser-modified electron correlation
effects which are described by the scattering matrix χ˜. The ionic core can emit
a photon spontaneously at any time during the motion of the Rydberg electron.
Quantitatively this photon emission process is described the the quantity
S˜
(M2,M1)
2,1 =
∫ TM1,M2
0
dτe2iπν˜2(1−τ/TM1,M2 )(e−iπ/2L˜)e2iπν˜1τ/TM1,M2 (21)
in Eqs.(17) with TM1,M2 = t/(M1+M2+1). According to Eq.(21) this sponta-
neous photon emission by the ionic core can take place at any time τ between
two successive returns of the Rydberg electron to the core region. At time τ
the Rydberg electron has acquired a phase of magnitude (2πν˜)jjτ/TM1,M2 in
channel j. The disruption of the phase of the Rydberg electron by this spon-
taneous emission process is described by the action of the Lindblad operator
L˜ = OTLO. It also leads to a phase change of magnitude (π/2). After the
completion of the photon emission process the Rydberg electron acquires an ad-
ditional phase of magnitude (2πν˜)jj(1− τ/TM1,M2) in the photon-dressed core
channel j until it reaches the core region again.
A representative time evolution of the autoionization rate γ(t) is shown in
Fig. 4. The full curve in Fig. 4a has been obtained by numerical solution of
the optical Bloch equation (7) with the help of a conventional basis expansion
in atomic energy eigenstates. The corresponding zero- and one-photon contri-
butions are also presented in Figs. 4b and 4c. In Fig. 4 the sum of zero-
and one-photon contributions are not plotted as they are indistinguishable from
the numerical result (full curve in Fig.4a). The chosen parameters represent
typical values realizable in alkaline earth experiments. The comparison of γ(t)
(full curve of Fig.4a) with the corresponding result in the absence of radiative
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damping (dotted curve in Fig.4a) demonstrates that the influence of radiative
damping is already significant at interaction times of the order of Torb. With
the help of the zero- and one-photon contributions of Eq.(17) the dissipative
influence of radiative damping can be analyzed in detail. As apparent from
Fig. 4b, the zero-photon rate vanishes at integer multiples of the mean Kepler
period Torb because at these times the core is in its ground state. The maxima
of Fig. 4b at times (M + 1/2)Torb originate from fractions of the electronic
wave packet which are close to the core at times when the core is in its excited
state. Also visible are typical revival effects at times of the order of 25Torb.
The one-photon rate of Fig. 4c exhibits maxima and minima at times MTorb
and (M + 1/2)Torb. These maxima indicate that the photon is emitted by the
ionic core most probably whenever the Rydberg electron is close to the outer
turning point of its classical Kepler orbit. Thus, the core will be in its excited
state when the Rydberg electron returns to the nucleus so that autoionization
will take place with a high probability.
2.2 Electronic wave packets in fluctuating laser fields
The main aim of this section is to discuss characteristic effects which govern
the dynamics of a Rydberg electron in an intense and fluctuating laser field.
It is demonstrated that for moderate laser intensities (compare with Sec. 1
Eq.(2)) a variety of novel, non-perturbative effects appear which influence the
long time behavior of Rydberg electrons significantly. A generic consequence
of the interplay between the peculiar threshold phenomena of Rydberg systems
and the destruction of quantum coherence due to laser fluctuations is stochastic
ionization (Alber and Eggers 1997). It is demonstrated that this process also
implies an upper time limit on the applicability of two-level approximations even
in cases in which all characteristic frequencies, i.e. Rabi frequencies and laser
bandwidths, are small in comparison with the Kepler frequency of a resonantly
excited Rydberg electron.
Nowadays laser fluctuations can be controlled to such a degree that it is
possible to realize various theoretical models of laser radiation in the labora-
tory (Vemuri et al. 1991). One of the most elementary theoretical models of
laser radiation is the phase diffusion model (PDM) (Haken 1970). It describes
approximately the electric field produced by an ideal single mode laser which is
operated well above the laser threshold. Thereby the electric field of a laser is
represented by a classical, stochastic process with well stabilized amplitude and
a fluctuating phase, i.e.
E(t) = E0e
iΦ(t)e−iωt + c.c. . (22)
The fluctuations of the phase Φ(t) are modeled by a real-valued Wiener process
(Klo¨den and Platen 1992), i.e.
MdΦ(t) = 0, [dΦ(t)]2 = 2bdt (23)
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Thereby M indicates the mean over the statistical ensemble. The PDM implies
a Lorentzian spectrum of the laser radiation with bandwidth b.
In order to investigate the influence of laser fluctuations on the optical ex-
citation of Rydberg states close to an ionization threshold let us consider the
simplest possible case, namely one-photon excitation from a tightly bound ini-
tial state |g〉 with energy ǫg. In the dipole and rotating wave approximation the
Hamiltonian which describes this excitation process is given by
H(Φ(t)) = ǫg|g〉〈g|+
∑
n
ǫn|n〉〈n| −
∑
n
(|n〉〈g|〈n|d|g〉 · E0eiΦ(t)e−iωt + h.c.). (24)
In Eq.(24) the index n refers to Rydberg and continuum states. The energies of
the excited Rydberg states are denoted ǫn and d is the atomic dipole operator.
Let us assume for the sake of simplicity that the excited Rydberg and continuum
states can be described with the help of quantum defect theory in a one channel
approximation (Seaton 1983). Thus they are characterized by an approximately
energy independent quantum defect µ = α+ iβ. As has been explained in Sec.
1 (Eq.(4)) the imaginary part β describes photon absorption from the highly
excited Rydberg states to continuum states well above threshold.
For the description of non-perturbative aspects of this laser excitation pro-
cess one has to solve the time dependent Schro¨dinger equation with the stochas-
tic Hamiltonian (24) (interpreted as a stochastic differential equation of the Ito
type (Klo¨den and Platen 1992)) together with the stochastic differential equa-
tion for the phase (23). It is the simultaneous presence of the Coulomb threshold
with its infinitely many bound states and the continuum on the one hand and
the laser fluctuations on the other hand which makes this solution a highly non-
trivial task. Nevertheless, for the case of the PDM the resulting mathematical
and numerical problems can be circumvented successfully (Alber and Eggers
1997). Thus even analytical results can be derived in the limit of long interac-
tion times which is dominated by stochastic ionization of the Rydberg electron.
Thus, let us start from the equation of motion for the mean values ρnn′(t) =
M〈n | ψ(t)〉〈ψ(t) | n′〉, ρng(t) = [ρgn(t)]∗ = Me−iΦ(t)〈n | ψ(t)〉〈ψ(t) | g〉 and
ρgg(t) = M | 〈g | ψ(t)〉 |2 which can be combined to form a density operator
ρ(t) (Agarwal 1976). From Eqs. (23) and (24) it can be shown that this density
operator fulfills the master equation
d
dt
ρ(t) = −i[Hmod, ρ(t)] + 1
2
{[L, ρ(t)L†] + [Lρ(t), L†]}. (25)
Thereby the modified Hamiltonian Hmod ≡ H(Φ(t) ≡ 0) describes laser induced
excitation of Rydberg states close to threshold in the absence of phase fluctu-
ations. The destruction of quantum coherence which is brought about by the
laser fluctuations is characterized by the Lindblad operator
L =
√
2b|g〉〈g|. (26)
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On the basis of this master equation Fourier representations can be developed for
the density matrix elements whose kernels can be determined explicitly with the
help of quantum defect theory. Thus all complications arising from the Coulomb
threshold are taken into account properly. These Fourier representations are
useful for numerical calculations of averaged transition probabilities which are
highly accurate even in the limit of long interaction times. Furthermore, these
representations are convenient starting points for the derivation of analytical
results. Thus, the averaged initial state probability ρgg(t), for example, is given
by (Alber and Eggers 1997)
ρgg(t) =
∞∑
N=0
1
2π
∫ ∞+i0
−∞+i0
dze−iztAgg(z)[2bAgg(z)]
N =
1
2π
∫ ∞+i0
−∞+i0
dze−iztAgg(z)[1− 2bAgg(z)]−1 (27)
with
Agg(z) = U(z) + U
∗(−z), (28)
U(z) = {−C1(z) + C2(z) +
i
∑
Reǫ˜n<0
[1− d
dz
Σ∗(z1 − z)]−1[z1 − ǫ+ ib− Σ(z1)]−1 |z1=z+ǫ˜∗n}Θ(z)
and with
C1(z) =
1
2π(z + 2ib)
ln
z − ǫ + i(b+ γ/2)
−ǫ+ i(γ/2− b) ,
C2(z) =
1
2π[z + i(γ + 2b)]
ln
z − ǫ+ i(b+ γ/2)
−ǫ+ i(γ/2 + b) . (29)
In the spirit of the discussion of Sec. 2.1. (compare with Eq.(13)) ρgg(t) is
represented as a sum of contributions of all possible quantum jumps N which
can be induced by the Lindblad operator of Eq.(26). According to Eq.(27)
these contributions give rise to a geometric series which can be summed easily.
The sum appearing in Eq.(28) extends over all dressed states ǫ˜n of the effective
Hamiltonian Heff = Hmod − iL†L/2. The mean excited energy is given by ǫ =
ǫg+ω+δω with δω denoting the relative quadratic Stark shift between the initial
state | g〉 and the ponderomotive shift of the excited Rydberg states (compare
with the general discussion in Sec. 1). Besides the threshold contributions C1(z)
and C2(z) the characteristic kernel Agg(z) is determined by the (resonant part
of the ) self energy of the initial state |g〉, i.e.
Σ(z) =
∑
n
| 〈n|d · E0|g〉 |2
z − ǫn = −i
γ
2
− iγ
∞∑
M=1
(ei2π(−2z)
−1/2
χ)M . (30)
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This self energy is characterized by the laser-induced depletion rate
γ = 2π | 〈ǫ = 0|d ·E0|g〉 |2 (31)
of the initial state |g〉 and by the scattering matrix element
χ = ei2πµ (32)
which describes all effects arising from scattering of the Rydberg electron by the
ionic core and from photon absorption (compare with Eq.(3)). The sum over
M in Eq.(30) originates from the multiple returns of the Rydberg electron to
the core region where the dominant contribution to the self energy comes from.
With each of these returns the Rydberg electron of energy z < 0 accumulates a
phase of magnitude 2π(−2z)−1/2 and with each traversal of the core region it
accumulates a (complex) phase of magnitude 2πµ due to scattering by the core
and due to photon absorption. The laser-induced depletion rate γ, the imaginary
part of the quantum defect β and the second order Stark shift δω describe the
influence of the laser field on the Rydberg electron. As these quantities depend
on the laser intensity they are not affected by phase fluctuations of the laser
field.
Master equations of the form of Eq.(25) with a self adjoint Lindblad opera-
tor are of general interest as phenomenological models of continuous quantum
measurement processes (Braginsky and Khalili 1992). In this context Eq.(25)
would model excitation of Rydberg and continuum states close to an ionization
threshold by a classical, deterministic laser field in the presence of continuous
measurement of the initial state | g〉. Thereby the inverse bandwidth 1/b would
determine the mean time between successive measurements.
Some qualitative aspects of the time evolution of an excited Rydberg electron
under the influence of a fluctuating laser field are apparent from the contour
plots of Figs. 5 and 6 which refer to one-photon excitation of a hydrogen atom by
linearly polarized laser light with |g〉 = |2s〉. It is assumed that Rydberg states
around n = (−2ǫ)−1/2 = 80 are excited. According to the general discussion
in Sec. 1 (compare with Eq.(4)) the laser-induced transitions from the excited
Rydberg states to continuum states well above threshold are described by an
imaginary quantum defect with β = 0.00375γ.
In Fig. 5a both the bandwidth of the laser field b and the field-induced de-
pletion rate γ of state | g〉 are assumed to be small in comparison with the mean
level spacing of the excited Rydberg states, i.e. b, γ ≪ n−3. Thus, one may be
tempted to think that this excitation process can be described well within the
framework of a two-level approximation in which only states |2s〉 and |80p〉 are
taken into account. However, Fig. 5a demonstrates that this expectation is
only valid for sufficiently small interaction times. Indeed, the early stages of the
excitation process are dominated by Rabi oscillations of the electron between
the initial and the resonantly excited state. These Rabi oscillations are damped
by the fluctuating laser field. An equilibrium is attained for interaction times
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t ≥ 1/b for which all coherence between the two resonantly coupled states is
negligibly small and for which ρgg(t) ≈ ρnn(t) ≈ 1/2. This characteristic, well
known two-level behavior is exemplified in Fig. 5a by the stationary proba-
bility distribution of the excited Rydberg state. (The probability distribution
of state |g〉 which is localized in a region of a few Bohr radii around the nu-
cleus is not visible on the radial scale of Fig. 5a). Fig. 5a indicates that for
interaction times which are larger than a critical time t1 this simple picture
of the two-level approximation breaks down and the probability distribution
of the excited Rydberg electron starts to spread towards larger distances from
the core. (here t1 ≈ 5 × 105T with T = 2πn3 denoting the mean classical or-
bit time). Simultaneously the probability distribution becomes more and more
spatially de-localized with all nodes disappearing. In order to obtain a more
detailed understanding of this diffusion-like process the time evolutions of the
initial state probability and of the ionization probability are shown in Fig.5b .
From Fig.5b it is apparent that this spatial spreading of the Rydberg electron
is connected with a diffusion in energy space towards the ionization thresh-
old. At interaction times t ≥ tc ≈ 7 × 109T the Rydberg electron has reached
the ionization threshold and the ionization probability Pion(t) rises significantly
from a negligibly small value to a value close to unity. Simultaneously the initial
state probability Pgg(t) starts to decrease faster. This stochastic diffusion of the
Rydberg electron which eventually leads to ionization is a characteristic phe-
nomenon brought about by the fluctuations of the exciting laser field. With the
help of the theoretical approach presented above this characteristic stochastic
ionization process can be analyzed in detail. Thus it can be shown (Alber and
Eggers 1997) that the diffusion of the Rydberg electron towards the ionization
threshold starts at time
t1 =
8
πbγT
(33)
and eventually leads to stochastic ionization at interaction times t ≥ tc with
tc =
4π√
27γb
[
(ǫ2 + 3(b2 + γ2/4)/4)3/2
ǫ2 + b2 + γ2/4
]1/2. (34)
The time evolution of Pgg(t) is approximately given by
Pgg(t) =
2√
π
[2bγT ]−1/2t−1/2 (35)
for t1 < t < tc and crosses over to the power law
Pgg(t) =
(γ + 2b)2
(2bγϕ/π)2
[
γbΓ3(5/3)
27π(ǫ2 + b2 + γ2/4)
]1/3t−5/3 (36)
for interaction times t > tc. The variable ϕ characterizes the distance of the
mean excited energy ǫ from the ionization threshold and is determined by the
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relation −ǫ + i(b + γ/2) = Reiϕ (0 ≤ ϕ < π). At times t ≥ tc the ionization
probability rises according to the power law
Pion(t) = 1− πΓ(2/3)(γ + 2b)
6bγϕ
[
γb
π(ǫ2 + b2 + γ2/4)
]1/3t−2/3. (37)
These approximate time evolutions are indicated by the dashed curves in Fig.
5b. The analytical results of Eqs.(33) and (34) explicitly show how the criti-
cal times t1 and tc for the breakdown of the two-level approximation and for
stochastic ionization depend on the characteristic parameters of the problem,
namely the mean excited energy ǫ, the laser bandwidth b and the laser-induced
depletion rate of the initial state γ.
In Fig. 6 both the laser bandwidth and the laser-induced depletion rate of
the initial state |g〉 are larger than the mean level spacing n−3 of the excited
Rydberg states. As in this case the initial state is depleted by the laser field
in a time which is small in comparison with the mean Kepler period of the
excited Rydberg states, i.e. 1/γ ≪ T = 2πn3, an electronic Rydberg wave
packet is prepared by power broadening (Alber and Zoller 1988). The initial
stage of the preparation of this electronic wave packet by power broadening
manifests itself in an approximately exponential decay of Pgg(t) with rate γ.
The repeated returns of fractions of this wave packet to the core region give rise
to recombination maxima of Pgg(t) which occur roughly at multiples of the mean
Kepler period T . In the absence of laser fluctuations the non-perturbative time
evolution of such an electronic wave packet under the influence of a laser field is
already well understood. In the completely coherent case with each return to the
core region a fraction of the electronic wave packet can be scattered resonantly
in the presence of the laser field by stimulated emission and reabsorption of a
laser photon accompanied by an electronic transition to the initial state |g〉 and
back again. This emission and reabsorption process of a laser photon causes
a time delay of the electronic wave packet of the order of 1/γ with respect to
un-scattered fractions of the electronic wave packet. These repeated scattering
processes lead to a splitting of the original wave packet into many partially
overlapping fractions. In the completely coherent case the interference of these
overlapping fractions inside the core region eventually give rise to a complicated
time dependence of Pgg(t) (Alber and Zoller 1991).
Characteristic qualitative aspects of the time evolution of an electronic wave
packet in the presence of laser fluctuations are apparent from Fig. 6a. Clearly,
the initial stages of the time evolution are dominated by the preparation of the
electronic wave packet and by its repeated returns to the core region. However,
at sufficiently long interaction times eventually the spatially localized electronic
wave packet starts to spread out uniformly over the whole classically accessible
region. Furthermore, this classical region starts to grow monotonically with
increasing interaction time. Characteristic quantitative details of this time evo-
lution are apparent from Fig. 6b. For sufficiently small interaction times the
familiar recombination maxima of the repeated returns of the electronic wave
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packet to the core region are clearly visible. However, as the coherence time of
the laser field is small in comparison with the mean Kepler period, i.e. 1/b≪ T ,
interferences between probability amplitudes which are associated with repeated
returns to the core region are destroyed. Thus the details of the early stages
of the time evolution of this electronic wave packet appear to be much simpler
than in the completely coherent case. As a consequence of the diffusion of the
electronic wave packet at longer interaction times the recombination maxima of
Pgg(t) disappear and merge into the power law of Eq.(35). At interaction times
larger than tc stochastic ionization of the Rydberg electron becomes significant
and the power law decay of Pgg(t) crosses over to the decay law of Eq.(36). Si-
multaneously the ionization probability rises to a value close to unity according
to the approximate power law of Eq.(37).
In general stochastic ionization originating from laser fluctuations will com-
pete with other coherent ionization mechanisms such as autoionization. As a
consequence a number of new interesting phenomena are expected to arise which
are not yet explored. In order to obtain first insights into basic aspects of this
competition let us generalize our previous model to one-photon excitation of an
autoionizing Rydberg series (Eggers and Alber 1998). Thus, it will be assumed
that the laser excited autoionizing Rydberg series can be described within the
framework of quantum defect theory in a two-channel approximation. In par-
ticular, let us concentrate on a case in which the fluctuating laser field excites
Rydberg states close to an ionization threshold of an excited state of the ionic
core (channel one) which can autoionize into channel two. For simplicity let
us assume that direct excitation of channel two from the initial state |g〉 is not
possible and that the effectively excited energy interval (ǫ− b, ǫ+ b) also covers
continuum states of channel one. The early stages of this ionization process
will be governed by an exponential decay of the initial state |g〉 with the laser-
induced depletion rate γ, by autoionization of the excited Rydberg states of
channel one into channel two, and by direct laser-induced ionization into the
continuum states of channel one. As long as stochastic ionization is negligible,
i.e. for interaction times t with 1/γ < t < tc, this ionization process will reach a
metastable regime. Thereby the probability of ionizing into channel one is sim-
ply determined by the part of the effectively excited energy interval (ǫ− b, ǫ+ b)
which is located above the ionization threshold, ǫ1, of channel one. However,
as soon as t > tc it is expected that the branching ratio between channels one
and two is changed. For interaction times t > tc all Rydberg states whose au-
toionization lifetimes exceed the stochastic ionization time, i.e. 1/Γn > tc (Γn
is the autoionization rate of Rydberg state |n, 1〉), will no longer autoionize into
channel two but will eventually ionize stochastically into channel one. Thus
for interaction times t > tc it is expected that the probability of ionizing into
channel one is determined by the part of the effectively excited energy inter-
val (ǫ − b, ǫ + b) which is located above an energy of the order of ǫ1 − 1/tc.
Thus stochastic ionization is expected to lead to an effective lowering of the
ionization threshold ǫ1 of channel one. This manifestation of the competition
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between autoionization and stochastic ionization is clearly apparent from Fig. 7
where the time evolution of Pgg(t) is depicted together with the corresponding
time evolutions of Pion−ch1(t) and Pion−ch2(t). In the case depicted in Fig. 7
the laser induced depletion rate γ is so small that no electronic Rydberg wave
packet is prepared by power broadening. However, due to the large laser band-
width, i.e. bT ≫ 1, many Rydberg states are involved in the excitation process.
This implies that to a good degree of approximation initially state |g〉 decays
exponentially with rate γ.
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Figure 1: Schematic representation of the characteristic spatial regions which
determine the dynamics of a Rydberg electron. Some classical trajectories which
are relevant for the semiclassical wave function are also indicated.
Figure 2: Schematic representation of a laser-induced isolated core excitation
process in Mg. After initial preparation in a |3snd〉 Rydberg state a second laser
pulse excites the core 3s → 3p transition. The Rydberg states of the excited
core autoionize.
Figure 3: Three-channel excitation scheme including spontaneous emission
process and autoionization.
Figure 4: Autoionization and resonant excitation of the core under the con-
dition of period matching , i.e. Torb = TRabi. The parameters are κ
−1 = 7ns,
ν1 = [−2(ǫ − ǫc1)]−1/2 = 73 (Torb = 59ps), µ1 = 0.0, µ2 = 0.5 + i0.1,
τa = 0.4Torb with Ea(t) = E(0)a e−4(t−ta)2ln/τ2a . Fig. 4a: Scaled ionization rate
γ˜(t) = γ(t)Torbτa/ | D(−)geaE(0)a |2 as obtained from the optical Bloch equations
(full curve); Figs. 4b and 4c: Scaled zero- and one-photon contributions γ˜(0)(t)
and γ˜(1)(t). (Reprinted from Zobay and Alber (1996), copyright 1998 by the
Amercian Physical Society)
Figure 5: Excitation of an isolated Rydberg state: Radial contour plot (a) and
Pgg(t), Pion(t) (b) as a function of the interaction time t in units of the mean
Kepler period T . The parameters are n = (−2ǫ)−1/2 = 80 (T = 78ps), γT =
0.1, bT = 0.01. Various approximate asymptotic time dependences are also
indicated, namely Eq.(35) (short dashed) and Eqs.(36) and (37) (long dashed).
Figure 6: Excitation of an electronic Rydberg wave packet by laser-induced
power broadening: Radial contour plot (a) and Pgg(t), Pion(t) (b) as a function
of the interaction time t in units of the mean Kepler period T . The parameters
are n = (−2ǫ)−1/2 = 80 (T = 78ps), γT = 10.0, bT = 10.0. Various approx-
imate asymptotic time dependences are also indicated, namely Eq.(35) (short
dashed) and Eqs.(36) and (37) (long dashed). γt = 10.0, bT = 10.0.
Figure 7: Competition between autoionization and stochastic ionization: Time
evolution of Pgg(t) and of the ionization probabilites into channels one and two
Pion−ch1(t) and Pion−ch2(t). The parameters are n = α1 + (−2ǫ)−1/2 = 80,
α1 = 0.1, γT = 1.0, bT = 300.0, Γn = 2τ(n− α1)−3/π with τ = 10−5 a.u. .
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